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In the context of a research project initiated by the 
Forschungsgemeinschaf t Automobiltechnik e. V (FAT) longitudinal 
force-slip-curves for six representative tyre types were measured for 
different road surface conditions (dry, humid, wet, icy) at the inside drum 
tyre testing device of the University of Karlsruhe (TH) , where real asphalt 
surface elements are being used and defined surface conditions, such as 
water depth and ice temperature, can be produced. With the help of this 
project a kind of catalogue could be established, which summarizes the 
parameter influence on the longitudinal force behaviour of representative 
tyres. For dry surfaces, the velocity has little impact on the initial 
gradient of the curves, but influences the maximum value and the curve for 
larger slip values, as can be seen in fig. 4. A lower tread depth leads to 
an increase in the gradient (fig. 5) and snow tyres show a significantly 
lower gradient than summer tyres (fig. 7) . When going from a dry to a humid 
surface, it can be noted that the maximum longitudinal force coefficient 
decreases significantly (fig. 9) , while the initial gradient only decreases 
for large velocities and water depths. For icy surface it was found that 
the maximum longitudinal force coefficient and the form of the curves 
depend largely on the velocity and the temperature (fig. 11 and 12) . New 
insights were found on the influence of the skid resistance at wet and 
humid surface on the longitudinal force behaviour (fig. 8) , even though 
further research on this aspect will be necessary. 
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mu -slip curves for six representative types of car tyres and different 
states of carriageway (dry, damp, wet, icy) have been determined on a test 
stand as a function of car velocity, and the influence of tyre pressure, 
tyre load, profile height and slip angle on the curves has been 
investigated. Results are compiled to be used as a catalogue. On icy 
carriageways maximum values and curve shapes largely depend on temperature 
and car velocity. Differences in the mu -slip curves of different types of 
tyres are much more pronounced on damp roads than on dry roads. (WEN) . 
(Copyright (c) 1996 by FIZ . Citation number 96:000501.) 
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Abstract: In this paper the vertical load-deflection behaviour of a 

pneumatic tire has been studied theoretically. A simple mathematical 
model which is especially suitable for a tire applied by a side force 
has been developed. Researches carried out in the past show that the 
tire vertical stiffness varies neither proportionally nor symmetrically 
as the slip angle of a cambered tire is changed. This effect can be 
explained by the theory developed here. 

The model predictions have been verified using experimental results 
obtained from literature. Moreover, tire cornering characteristic 
curves obtained under different test conditions, i. e. during 
increasing of the slip angle the vertical load is kept constant or not, 
have been discussed through a simulation example. This study shows that 
the characteristic curves vary rather considerably under the different 
conditions . 
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This paper presents the work carrier out by INRETS and LCPC with SERA-CD, 
to validat the road vehicle dynamic package called CALLAS, developed by 
SERA. This program benefited from important contributions from ETAS and 
PSA, for track tests and Michelin for tire modeling. Track tests were 
carried out with 4 very differents cars, fitted with full data collection 
systems, on dry and wet roads. The overall vehicle operating area was 
covered: pure lateral and longitudinal dynamics and various combinations of 
these, from low solicitation up to and beyond the %limit% of %adhesion%. 
The %simulation% results are in general satisfactory, they reveal the large 
influence of %tire% %characteristics% and car of parameters on the 
precision obtained. 
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Abstract: A variety of suspension are used in light vehicles and they 
affect dynamics of vehicles in various ways . The components of lateral and 
longitudinal weight transfers, which depend upon suspension design, 
influence the wheel normal loads, %tire% %characteristics% , and %tire% 
-roadway %limits% of %adhesion% which in consequence %determine% vehicle 
stability. %Modeling% procedures for nonlinear kinematic and dynamic 
analysis of 25 commonly used light vehicle suspensions have been developed 
and applied to investigate the spatial movement of vehicle roll axis. A 
nonlinear tire model based on a friction ellipse concept and capable of 
accepting CALSPAN tire data has been developed to compute cornering forces 
as functions of slip angle variables, normal loads, %tire% adhesion 
%characteristics% and skid numbers. (Edited author abstract) 47 refs. 
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TEXT: 

In the past several years, much attention has been given to 
predicting the directional response of light vehicles to various driving 
conditions, including emergency situations. The stability and handling of 
vehicles, over the full maneuvering range from straight running to limit 
cornering and braking, has been a subject of much study. The current 
research trends reflect the need for a useful vehicle dynamics simulation 
that can be run on a PC. 

Most existing general purpose vehicle simulation software has been 
developed for specific vehicle design tasks and is not suitable for 
qualitative analysis of vehicle active safety problems. The development of 
vehicle models using general -purpose simulation software is very 
time-consuming and requires a high level of expertise. Furthermore, the 
majority of this software is not capable of incorporating more advanced 
pneumatic -wheel models which utilize multi -directional tire deformation 
states and nonholonomic constraint formulations without a major 
reorganization of the entire software. 

A variety of suspensions are used in light vehicles, and they affect 
dynamics of vehicles in various ways . The components of lateral and 
longitudinal weight transfers, which depend upon suspension design, 
influence the wheel normal loads, %tire% %characteristics% , and %tire% 
-roadway %limits% of %adhesion% that ultimately %determine% vehicle 
stability. The key to a successful %simulation% is to ensure that the 
sensitive area is modeled with sufficient flexibility to enable the 
envisaged design situations to be encountered. Among all of its elements, 
the design of suspension systems and the pneumatic tires have a significant 
influence on the dynamic performance of light vehicles. 

The LVDS (Light Vehicle Dynamics Simulation) program for the personal 
computer, developed by Vehicle Dynamics Inter-national, is a result of 
research in vehicle dynamics and tire modeling. The LVDS simulation is a 
package of PC-based programs developed to investigate the complex dynamic 
responses of light vehicles in a variety of maneuvers. These maneuvers 
include cornering with braking or acceleration as well as vehicle skidding, 
spinning, or rolling over. The software allows the engineer to research the 
propensity of vehicles to lose control and to investigate the influence of 
vehicle and/or subsystem design characteristics on performance, handling, 
stability, and rollover behavior. 

The LVDS utilizes state-of-the-art techniques in modeling tire 
behavior, tire-roadway interaction, suspension effects, steering control 
systems, and vehicle aerodynamics. This makes it possible to investigate 
complex dynamic responses of light vehicles in a variety of maneuvers 
including critical accident situations - and to test, retest, and analyze 
the performance of vehicles in a fraction of the normal time. Because of 
this, the LVDS greatly reduces time, expense, and effort required for new 
product research. The program aids in determining the initial conditions 
and/or operational and run- time parameters for input into complex mainframe 
simulations . 

The LVDS program is also beneficial for engineers involved in the 
design of vehicle subsystems including suspensions, tires, wheels, 
steering, drives, and braking systems. By using the simulation, these 



engineers can investigate the effects of any proposed changes in subsystems 
on the dynamic behavior of the complete vehicle dynamic system. 

Prior to a simulation, a 3-D nonlinear vehicle model of intermediate 
detail is generated according to user specifications. Multiple model masses 
are connected through suspension elements to account properly for vehicle 
forward, lateral, vertical, roll, and directional dynamics. To build an 
accurate vehicle model, the eight different, commonly used types of front 
suspension systems can be employed in conjunction with any one of 19 
different rear independent, semi - independent , and dependent suspension 
systems. By deciding on the suspension types and entering the vehicle data 
such as mass-inertia, geometry, stiffness, damping, compliance, drive type, 
brake distribution factors, type of steering control system, aerodynamics, 
and %tire% and roadway %characteristics% , engineers can create their own 
vehicle data files. 

In each simulated vehicle maneuver, over 70 major dynamic and 
handling characteristics such as positions, velocities, accelerations, roll 
centers, weight transfers, and tire forces generated are determined. 

Through a combination of the steering and braking/thrust inputs any 
single and combined, cornering and braking or accelerating, sub-%limit% or 
%limit% (at the tire-roadway %limits% of %adhesion%) maneuvers as well as 
vehicle skidding, spinning, and rolling-over can be %simulated% using the 
LVDS. All these are made possible by using an advanced tire model capable 
of working over a wide regime of operating conditions including the most 
severe (normal loads up to 400% of standard, slip angles from -90 [degrees] 
to +900 [degrees] slip ratios from - 1 to 1, camber angles to 60 [degrees] , 
and unlimited friction regime) . 

The tire forces and moments generated are nonlinear functions of 
normal load, longitudinal slip, slip angle, camber angle, and %tire% 
-roadway frictional %characteristics% . The %tire% model has the capability 
of predicting wheel locking, spinning, or saturating and automatically 
simulates the changes in %tire% behavior caused by these %conditions% . 

The program is menu driven and fully interactive and allows the 
engineer to investigate the influence of vehicle or substructure design 
characteristics on performance, handling, stability, and rollover behavior. 
The LVDS simulation has been validated experimentally in both vehicle 
handling and rollover maneuvers and has been used for high-level research 
such as dynamic analysis of maneuver -induced rollover, stability of 4WS 
vehicles, sensitivity analysis of vehicle-design attributes that affect 
vehicle response in critical accident situations, effects of suspension 
design on light-vehicle stability, influence of vehicle design 
%characteristics% on %tire% forces generated, as well as for designing 
vehicle experimental tests. 

Another software product developed by Vehicle Dynamics International, 
LVAS (Light Vehicle Animation Software) , provides a method for presenting 
simulation results to management before designs are approved or to an 
audience with an interest in the subject matter but unacquainted with the 
technical details of engineering work or research. 

The LVAS is a package of microcomputer programs developed to animate 
the vehicle response obtained from computer simulations such as the LVDS, 
or experimental tests. Any 3-D vehicle motion can be animated and played 
back in real time, or at slow motion, on color or monochrome monitors. The 
LVAS animation programs enable the engineer to assess quickly the overall 
response of all types of light vehicles, applicable environments, and 
maneuvers simulated. The animation of experimental results provides a 
visual re-creation of the actual tests from any viewpoint and allows 
individual correlation of experimental results. 

The output from vehicle simulations usually takes the form of numeric 
data which are presented, using graphs, to show a time history of response 
variables. While these graphs provide the investigator with useful 
information about the behavior investigated, it may be difficult to use 
them for obtaining a clear understanding of the overall motion. By using 
the computer-based animation techniques in the LVAS, the evaluation of a 
complex response of the vehicle system can be achieved quickly and 
reliably. The software has proven to be extremely valuable in visualizing 



couplings between vehicle motions in a variety of sub-limit and limit 
handling maneuvers including skidding and vehicle rollover. 

Any good vehicle dynamics software should accurately simulate any 
vehicle maneuver without limitations, just as in real life. Depending on 
steering and/or braking inputs, the vehicle motion may be normal 
(controllable) , or it may skid, spin out, or roll over. To achieve any of 
these, all important suspension effects (kinematics and dynamics) for a 
normal motion, vehicle skidding, spinning, and rolling over must be 
included in the overall vehicle model. The same applies to the tire-roadway 
effects and aerodynamics . 

COPYRIGHT 1992 Society of Automotive Engineers Inc. 
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ABSTRACT: Stability control systems are the latest in a string of 
technologies focusing on improved diriving safety. Such systems detect the 
initial phases of a skid and restore directional control in 40 
milliseconds, seven times faster tthan the reaction time of the average 
human. They correct vehicle paths by adjusting engine torque or applying 
the left- or-right-side brakes, or both, as needed. The technology has 
already been applied to the Mercedes-Benz S600 coupe. 

TEXT: 

Automatic stability systems can detect the onset of a skid and bring a 
fishtailing vehicle back on course even before its driver can react. 

Safety glass, seat belts, crumple zones, air bags, antilock brakes, 
traction control, and now stability control. The continuing progression of 
safety systems for cars has yielded yet another device designed to keep 
occupants from injury. Stability control systems help drivers recover from 
uncontrolled skids in curves, thus avoiding spinouts and accidents. 

Using computers and an array of sensors, a stability control system 
detects the onset of a skid and restores directional control more quickly 
than a human driver can. Every microsecond, the system takes a "snapshot," 
calculating whether a car is going exactly in the direction it is being 
steered. If there is the slightest difference between where the driver is 
steering and where the vehicle is going, the system corrects its path in a 
split-second by adjusting engine torque and/or applying the cat's left- or 
right-side brakes as needed. Typical reaction time is 40 milliseconds - 
seven times faster than that of the average human. 

A stability control system senses the driver's desired motion from the 
steering angle, the accelerator pedal position, and the brake pressure 
while determining the vehicle's actual motion from the yaw rate (vehicle 
rotation about its vertical axis) and lateral acceleration, explained Anton 
van Zanten, project leader of the Robert Bosch engineering team. Van 
Zanten's group and a team of engineers from Mercedes-Benz, led by project 
manager Armin Muller, developed the first fully effective stability control 
system, which regulates engine torque and wheel brake pressures using 
traction control components to minimize the difference between the desired 
and actual motion. 

Automotive safety experts believe that stability control systems will 
reduce the number of accidents, or at least the severity of damage. Safety 
statistics say that most of the deadly accidents in which a single car 
spins out (accounting for four percent of all deadly collisions) could be 
avoided using the new technology. The additional cost of the new systems 
are on the order of the increasingly popular antilock brake/ traction 
control units now available for cars. 

The debut of stability control technology took place in Europe on the 
Mercedes-Benz S600 coupe this spring. Developed jointly during the past few 
years by Robert Bosch GmbH and Mercedes-Benz AG, both of Stuttgart, 
Germany, Vehicle Dynamics Control (VDC) . in Bosch terminology, or the 
Electronic Stability Program (ESP), as Mercedes calls it, maintains vehicle 
stability in most driving situations. Bosch developed the system, and 
Mercedes-Benz integrated it into the vehicle. Mercedes engineers used the 
state-of-the-art Daimler-Benz virtual-reality driving simulator in Berlin 
to evaluate the system under extreme conditions, such as strong crosswinds. 
They then put the system through its paces on the slick ice of Lake 



Hornavan near Arjeplog, Sweden. Work is currently under way to adapt the 
technology to buses and large trucks, to avoid jack-knifing, for example. 

Stability control systems will first appear in mid-1995 on some 
European S-Class models and will reach the U.S. market during the 1996 
model year (November 1995 introduction) . It will be available as a $750 
option on Mercedes models with V8 engines, and the following year it will 
be a $2400 option on six-cylinder cars. About $1650 of the latter price is 
for the traction control system, a prerequisite for stability control. 

Bosch is not alone in developing such a safety system. ITT Automotive 
of Auburn Hills, Mich., introduced its Automotive Stability Management 
System (ASMS) in January at the 1995 North American International Auto Show 
in Detroit. "ASMS is a quantum leap in the evolution of antilock brake 
systems, combining the best attributes of ABS and traction control into a 
total vehicle dynamics management system," said Timothy D. Leuliette, ITT 
Automotive' s president and chief executive officer. 

"ASMS monitors what the vehicle controls indicate should be happening, 
compares that to what is actually happening, then works to compensate for 
the difference," said Johannes Graber, ASMS program manager at ITT 
Automotive Europe. ITT's system should begin appearing on vehicles 
worldwide near the end of the decade, according to Tom Mathues, director of 
engineering of Brake & Chassis Systems at ITT Automotive North America. 
Company engineers are now adapting the system to specific car models from 
six original equipment manufacturers . 

A less-sophisticated and less-effective Bosch stability control system 
already appears on the 1995 750iL and 850Ci V-12 models from Munich-based 
BMW AG. The BMW Dynamic Stability Control (DSC) system uses the same 
wheel -speed sensors as traction control and standard anti-lock brake (ABS) 
systems to recognize conditions that can destabilize a vehicle in curves 
and corners. To detect such potentially dangerous cornering situations, DSC 
measures differences in rotational speed between the two front wheels. The 
DSC system also adds a sensor for steering angle, Utilizes an existing one 
for vehicle velocity, and introduces its own software control elements in 
the overall antilock-brake/traction-control/stability-control system. 

The new Bosch and ITT Automotive stability control systems benefit 
from advanced technology developed for the aerospace industry. Just as in a 
supersonic fighter, the automotive stability control units use a 
sensor-based computer system to mediate between the human controller and 
the environment - in this case, the interface between tire and road. In 
addition, the system is built around a gyroscopelike sensor design used for 
missile guidance. 

BEYOND ABS AND TRACTION CONTROL 

Stability control is the logical extension of ABS and traction 
control, according to a Society of Automotive Engineers paper written by 
van Zanten and Bosch colleagues Rainer Erhardt and Georg Pfaff . Whereas ABS 
intervenes when wheel lock is imminent during braking, and traction control 
prevents wheel slippage when accelerating, stability control operates 
independently of the driver's actions even when the car is free-rolling. 
Depending on the particular driving situation, the system may activate an 
individual wheel brake or any combination of the four and adjust engine 
torque, stabilizing the car and severely reducing the danger of an 
uncontrolled skid. The new systems control the motion not only during full 
braking but also during partial braking, coasting, acceleration, and engine 
drag on the driven wheels, circumstances well beyond what ABS and traction 
control can handle . 

The idea behind the three active safety systems is the same: One wheel 
locking or slipping significantly decreases directional stability or makes 
steering a vehicle more difficult. If a car must brake on a low-friction 
surface, locking its wheels should be avoided to maintain stability and 
steerability . 

Whereas ABS and traction control prevent undesired longitudinal slip, 
stability control reduces loss of lateral stability. If the lateral forces 
of a moving vehicle are no longer adequate at one or more wheels, the 
vehicle may lose stability, particularly in curves. What the driver senses 
as "f ishtailing" is primarily a turning or spinning around the vehicle's 



r 
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axis. A separate sensor must recognize this spinning, because unlike ABS 
and traction control, a car's lateral movement cannot be calculated from 
its wheel speeds. 

SPIN HANDLERS 

The new systems measure any tendency toward understeer (when a car 
responds slowly to steering changes) , or over-steer (when the rear wheels 
try to swing around) . If a car understeers and swerves off course when 
driven in a curve, the stability control system will correct the error by 
braking the inner (with respect to the curve) rear wheel. This enables the 
driver, as in the case of ABS, to approach the locking limit of the 
road- tire interface without losing control of the vehicle. The stability 
control system may reduce the vehicle's drive momentum by throttling back 
the engine and/or by braking on individual wheels. Conversely, if the 
hteral stabilizing force on the rear axle is insufficient, the danger of 
oversteering may result in rear-end breakaway or spin-out. Here, the system 
acts as a stabilizer by applying the outer-front wheel brake. 

The influence of side slip angle on maneuverability, the Bosch 
researchers explained, shows that the sensitivity of the yaw moment on the 
vehicle, with respect to changes in the steering angle, decreases rapidly 
as the slip angle of the vehicle increases. Once the slip angle grows 
beyond a certain limit, the driver has a much harder time recovering by 
steering. On dry surfaces, maneuverability is lost at slip-angle values 
larger than approximately 10 degrees, and on packed snow at approximately 4 
degrees. 

Most drivers have little experience recovering from skids. They aren't 
aware of the coefficient of friction between the tires and the road and 
have no idea of their vehicle's lateral stability margin. When the limit of 
adhesion is reached, the driver is usually caught by surprise and very 
often reacts in the wrong way, steering too much. Oversteering, ITT's 
Graber explained, causes the car to fishtail, throwing the vehicle even 
further out of control. ASMS sensors, he said, can quickly detect the 
beginning of a skid and momentarily activate the brakes at individual 
wheels to help return the vehicle to a stable line. 

It is important that stability control systems be user-friendly at the 
%limit% of %adhesion% - that is, to act %predictably% in a way similar to 
normal driving . 

The biggest advantage of stability control is its speed - it can 
respond immediately not only to skids but also to shifting vehicle 
conditions (such as changes in weight or %tire% %wear%) and road quality. 
Thus, the systems achieve optimum driving stability by changing the lateral 
stabilizing forces. 

For a stability control system to recognize the difference between 
what the driver wants (desired course) and the actual movement of the 
vehicle (actual course) , current cars require an efficient set of sensors 
and a greater computer capacity for processing information. 

The Bosch VDC/ESP electronic control unit contains a conventional 
circuit board with two partly redundant microcontrollers using 4 8 kilobytes 
of ROM each. The 4 8-kB memory capacity is representative of the large 
amount of "intelligence" required to perform the design task, van Zanten 
said. ABS alone, he wrote in the SAE paper, would require one -quarter of 
this capacity, while ABS and traction control together require only one 
half of this software capacity. 

In addition to ABS and traction control systems and related sensors, 
VDC/ESP uses sensors for yaw rate, lateral acceleration, steering angle, 
and braking pressure as well as information on whether the car is 
accelerating, freely rolling, or braking. It obtains the necessary 
information on the current load condition of the engine from the engine 
controller. The steering-wheel angle sensor is based on a set of LED and 
photodiodes mounted in the steering wheel. A silicon-micromachine pressure 
sensor indicates the master cylinder's braking pressure by measuring the 
brake fluid pressure in the brake circuit of the front wheels (and, 
therefore, the brake pressure induced by the driver) . 

Determining the actual course of the vehicle is a more complicated 
task. Wheel speed signals, which are provided for antilock brakes/ tract ion 



control by inductive wheel speed sensors, are required to derive 
longitudinal slip. For an exact analysis of possible movement, however, 
variables describing lateral motion are needed, so the system must be 
expanded with two additional sensors - yaw rate sensors and lateral 
acceleration sensors. 

A lateral accelerometer monitors the forces occurring in curves. This 
analog sensor operates according to a damped spring-mass mechanism, by 
which a linear Hall generator transforms the spring displacement into an 
electrical signal. The sensor must be very sensitive, with an operating 
range of plus or minus 1.4 g. 

YAW RATE GYRO 

At the heart of the latest stability control system type is the yaw 
rate sensor, which is similar in function to a gyroscope. The sensor 
measures the speed at which the car rotates about its vertical axis. This 
measuring principle originated in the aviation industry and was further 
developed by Bosch for large-scale vehicle production. The existing gyro 
market offers two widely different categories of devices: $6000 units for 
aerospace and navigation systems {supplied by firms such as GEC Marconi 
Avionics Ltd., of Rochester, Kent, U.K.) and $160 units for videocameras . 
Bosch chose a vibrating cylinder design that provides the highest 
performance at the lowest cost, according to the SAE paper. A large 
investment was necessary to develop this sensor so that it could withstand 
the extreme environmental conditions of automotive use. At the same time, 
the cost for the yaw rate sensor had to be reduced so that it would be 
sufficiently affordable for vehicle use. 

The yaw rate sensor has a complex internal structure centered around a 
small hollow steel cylinder that serves as the measuring element. The thin 
wall of the cylinder is excited with piezoelectric elements that vibrate at 
a frequency of 15 kilohertz. Four pairs of these piezo elements are 
arranged on the circumference of the cylinder, with paired elements 
positioned opposite each other. One of these pairs brings the open cylinder 
into resonance vibration by applying a sinusoidal voltage at its natural 
frequency to the transducers; another pair, which is displaced by 90 
degrees, stabilizes the vibration. At both element pairs in between, 
so-called vibration nodes shift slightly depending on the rotation of the 
car about its vertical axis. If there is no yaw input, the vibration forms 
a standing wave. With a rate input, the positions of the nodes and 
antinodes move around the cylinder wall in the opposite direction to the 
direction of rotation (Coriolis acceleration) . This slight shift serves as 
a measure for the yaw rate (angular velocity) of the car. 

Stability controls can be disabled in situations in which some wheel 
slip and even lateral slip is beneficial, such as when a car is fitted with 
snow chains or is traversing loose gravel. 

Several drivers who have had hands-on experience with the new systems 
in slippery cornering conditions speak of their cars being suddenly nudged 
back onto the right track just before it seems that their back ends might 
break away. 

Some observers warn that stability controls might lure some drivers 
into overconf idence in low- friction driving situations, though they are in 
the minority. It may, however, be necessary to instruct drivers as to how 
to use the new capability properly. Recall that drivers had to learn not to 
"pump" antilock brake systems. 

Although little detail has been reported regarding next -generation 
active safety systems for future cars (beyond various types of costly radar 
proximity scanners and other similar systems) , it is clear that 
accident-avoidance is the theme for automotive safety engineers. "The most 
survivable accident is the one that never happens," said ITT's Graber. 
"Stability control technology dovetails nicely with the tremendous strides 
that have been made to the physical structure and overall capabilities of 
the automobile." The next such safety system is expected to do the same. 
COPYRIGHT 1995 American Society of Mechanical Engineers 
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force observer is newly designed to detect the road friction coefficient and the fixed-trace algorithm is 
applied to the slope estimation. The effectiveness of the proposed method is confirmed by simulation 
and experimental data obtained by laboratory-made electric vehicle "UOT Electric March". (7 refs). 
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